Glucose/oxygen quotients were determined across the hindlimbs of seven fetuses, for a total of five studies in fetuses of fed ewes and five studies in fetuses of fasted ewes. The glucose/oxygen quotient was found to be a function of the fetal arterial glucose concentration in mM, [a], described by the equation: glucose/oxygen quotient = -0.047 + 1.46 [a]. The dependence of glucose uptake by the fetal hindlimb upon arterial glucose concentration is the first demonstration of the effect of substrate availability on the metabolism of a fetal organ.
Introduction
Until recently, glucose was considered to be the principal metabolic fuel of the mammalian fetus. However, work from this laboratory has demonstrated that glucose provides, at most, one-half the metabolic substrate for oxidative metabolism in fetuses of well fed ewes [12] .
Fructose [12] , medium and long chain free fatty acids, and glycerol [7] , acetoacetate, and /3-hydroxybutyrate [3] were found to make little or no contribution to the balance of oxidative substrate. On the other hand, the fetal lamb was shown to have a high urea production rate which could account for as much as 25% of the fetal oxygen consumption through the catabolism of amino acids [5] .
In contrast to aerobic metabolic substrate requirements of the whole fetus as determined by measurements of substrate uptake across the umbilical circulation, glucose could supply all of the aerobic metabolic requirements of the fetal lamb brain in well fed ewes [13] . The discrepancy between the glucose/oxygen quotients for fetal brain and for the fetus as a whole prompted the present study to determine the glucose/ oxygen quotient for a second mass of fetal tissue, the hindlimb.
Materials and Methods
Seven pregnant Dorset or Western ewes were studied. The ewes were fasted for 48 hr prior to surgery, but allowed water ad libitum. Polyvinyl catheters were advanced to the fetal femoral vein and artery via incisions in the pedal vein and artery, respectively. Each Glucose/oxygen across fetal lamb hindlimb 795 vessel was ligated distal to the entry site of the catheter on the dorsal pedal surface. A third polyvinyl catheter was placed in the maternal femoral artery. Correct catheter placement was confirmed at autopsy. Anesthesia and postoperative care were as described previously [8] . The ewes were fed hay and Trophy horse ration [14] ad libitum. All ewes were allowed to recover from surgery for at least 4 days before study of their fetuses. Five fetuses were then studied while the ewes were well fed. Five fetuses were studied after a subsequent 2-3-day fast.
During each study period five sets of blood samples were drawn at approximately 15-min intervals. Each set consisted of three blood samples of 0.3 ml each drawn simultaneously from maternal artery and fetal femoral artery and vein for glucose determination. An additional 0.3-ml blood sample was withdrawn anaerobically from each fetal catheter in a dry, heparinized glass capillary containing 0.3 mg NaF for determination of O 2 content.
Blood glucose was determined in duplicate by the glucose oxidase method [10] after immediate deproteinization of 0.1 ml blood with zinc sulfate and barium hydroxide. Oxygen content was measured in 0.1 ml blood using a Beckman model GC-2A gas chromatograph equipped with a blood gas accessory.
Data Analysis
From the data collected during each period of observation, the following differences were calculated: Aglucose = fetal femoral artery -fetal femoral vein difference of glucose (millimolar concentration of blood); AO 2 = fetal femoral artery -fetal femoral vein difference of oxygen (millimolar concentration of blood). The glucose/oxygen quotient was defined as:
This dimensionless quotient represents the fraction of oxygen consumption by the fetal hindlimb required for complete aerobic metabolism of the glucose it consumes [12] . A linear regression equation describing the fetal arterial glucose concentration as a function of the maternal arterial glucose concentration was calculated by the least squares method. Similar calculations were performed to describe the relation between the glucose/oxygen quotient and fetal arterial glucose concentration. To test the significance of the latter association, the Spearman rank correlation coefficient, r s , was calculated. This nonparametric test does not require that variables be normally distributed as a condition for statistical validity [11] .
Results
The results are presented in Table I . Maternal arterial blood glucose concentration ranged from 16.8 mg/100 ml (0.93 HIM) to 49.7 mg/100 ml (2.76 DIM), and fetal arterial glucose concentrations ranged from 6.6 mg/ 100 ml (0.37 HIM) to 22.9 mg/100 ml (1.27 HIM). Figure  1 shows the dependence of fetal concentration, [a], on 
Fetal hindlimb glucose/oxygen quotients ranged from 0.19 to 1.68 and were found to vary with fetal arterial glucose concentration, as shown in Figure 2 The Spearman rank correlation coefficient, r s , equals 0.86 (P = 0.001).
Discussion
A linear relation between maternal and fetal arterial glucose concentrations was demonstrated in previous studies from this laboratory [8] and has been confirmed in the present study (see Equation 2) .
Equation 3 describes the relation between the fetal arterial glucose concentration and the utilization of glucose by the hindlimb to meet its substrate needs for oxidative metabolism. The greater the arterial concentration of glucose, the greater the glucose uptake by the hindlimb relative to oxygen consumption. In fact, at concentrations greater than ~0.7 mM, more glucose is taken up by the hindlimb than is required for aerobic metabolism. On the other hand, during maternal fasting when fetal glucose concentrations are decreased, glucose is not the sole substrate for aerobic metabolism of the hindlimb.
The dependence of glucose uptake by the fetal hindlimb upon arterial glucose concentration is the first demonstration of the effect of substrate availability on the metabolism of a fetal organ. Acute studies performed on isolated perfused brains from adult dogs have shown that glucose uptake by the brain is a function of concentration of arterial glucose [4] . Similarly, cerebral uptakes of acetoacetate and /3-hydroxybutyrate in both adult and suckling rats were found to be dependent upon the arterial concentration of these ketone bodies [6] .
However, studies of adult human forearm metabolism during fasting have demonstrated that, although the arterial concentrations of acetoacetate and /3-hydroxybutyrate are increased throughout a 24-day period of fasting, the uptakes of these compounds are increased markedly only during the acute period (3 days) of fasting. The availability of high arterial concentrations of free fatty acids resulted in their apparently preferential utilization as an oxidative substrate at 24 days of fasting [9] . Thus, the observation of the dependence of glucose uptake by the fetal sheep hindlimb upon arterial glucose concentration is valid for fetuses of well fed and acutely fasted ewes, but may not be true in chronic starvation.
The mean fetal arterial glucose concentration for another 37 unstressed sheep fetuses of well fed ewes determined during 62 total study periods in our laboratory [2, 8, 12 ] is 1.03 mM ± 0.14 mM, with 95% confidence limits for fetal arterial glucose concentration of 0.75, 1.31. The mean glucose/oxygen quotient for the four fetuses in the present study with arterial glucose concentrations within these 95% confidence limits is 1.39, which indicates that all of the substrate requirement for oxidative metabolism in the hindlimb of fetuses of well nourished ewes could be supplied by glucose. However, this finding does not exclude the utilization of other substrates. A significant fraction of glucose taken up by the hindlimb could be utilized anaerobically, or for the formation of glycogen, or for growth.
Summary
Glucose uptake by fetal sheep hindlimbs is regulated by the fetal arterial glucose concentration, which is a function of maternal arterial glucose concentration. In the hindlimb of fetuses of well nourished ewes, the uptake of glucose exceeds the requirements of oxidative metabolism.
